Lost circulation materials (LCMs) are added to drilling fluids to mitigate lost circulation (LOC) problems. Designing the fluid requires a good understanding of sealing mechanisms and all the parameters affecting the sealing performance. Laboratory testing apparatus is the key concept for LCM evaluation ensuring successful treatment. The high-pressure test cell containing fracture discs is an effective tool among the broadly designed apparatus. A variety of formulations has been developed from the LCM physical properties. Recently, the testing conditions such as the slot wall angles and the fracture disc thickness were found to have significant effects on the evaluation results. However, the effect of the base fluids, fluid density, types of weighting materials and aging conditions has not been addressed. In this study, two different base fluids, water-based fluids and oil-based fluids, were used to compare the base-fluid effect. Drilling fluid density was raised up using barite and/or hematite to investigate the effect of the weight agents. Barite was sieved to study the effect of fine particles on the sealing. Finally, the dynamic aging tests were conducted in LCM-treated WBF using two temperature levels (200 °F and 400 °F) and two aging periods (24 and 72 h). The results showed that the base fluids affected the sealing performance depending on the complex interaction between the solid particles and the fluids. Adding weighting agents tended to improve the seal integrity. Adding proper size of fine particles improved the LCM sealing performance. Aging conditions affected LCM properties depending on the thermal stability of the materials.
Background
Lost circulation (LOC) is a challenge for many drilling operators. It significantly increases drilling expenses due to the loss of massive amounts of drilling fluids and potentially loses expensive downhole equipment or even the entire well section (Howard and Scott 1951; Clapper et al. 2011; Almagro et al. 2014; Alsaba et al. 2014a; Ghalambor et al. 2014) . The problem also consumes some valuable time spent for regaining the circulating system and solving subsequence problems known as the nonproductive time (Salehi and Nygaard 2012; Almagro et al. 2014; Feng et al. 2016) . The serious concern is that LOC can lead to a well control issue, which can potentially lead to a life-threatening blowout accident (Horn 1950; Kageson-Loe et al. 2009 ).
The industry usually performs operations classified as either preventive or corrective approach to eliminate LOC problem (Whitfill and Miller 2008; Kumar and Savari 2011; Ghalambor et al. 2014; Feng et al. 2016 ). The differences between the approaches are the treatments taken before the main problem occurs as prevention, or after the serious LOC detection as the loss mitigation. Regardless of the method of solving, lost circulation material (LCM) blended with drilling fluids is a common solution for the problems (Robinson 1940; White 1956; Canson 1985; Bourgoyne et al. 1986; Fuh et al. 1992; Alsaba et al. 2014a ). The materials might 1 3 be dispersed in the active system or placed as a concentrated mixture against the loss zones (Clapper et al. 2011; Almagro et al. 2014) . Proper selection and design process of the LCM treatment is vital to the success of the problem-solving processes.
Laboratory studies were continuously and comprehensively run to understand how LCM works, how to evaluate the performance, and how to improve the sealing ability in the field application (Scott and Lummus 1955; Abrams 1977; Nayberg 1986; Dick et al. 2000; Hettema et al. 2007; Kageson-Loe et al. 2009; Kefi et al. 2010; Clapper et al. 2011; Alsaba et al. 2014b Alsaba et al. , c, 2016 . The knowledge of the sealing behavior, capability and limitation helps in selecting and designing proper LCM raw materials, blending, and treatment processes to be applied in the field operations. The testing results also gain confidence that the sealing would successfully seal at the loss spots as in the test cells. Larger scale field experiments, such as in DEA-13 project (Morita et al. 1990 ), have been conducted not so often compared to the lower cost laboratory experiments.
As the laboratory studies were conducted to overcome LOC problems, testing apparatus with similar sealing surroundings as in the loss formations was developed to simulate the environment so that the tests represented the actual sealing process as close as possible. To search for the desired materials and formulations, various LCM types with different physical properties and blending were tested in the developed apparatus depending on the objective of the investigations (Alsaba et al. 2014b, c; Hettema et al. 2007; Loeppke et al. 1990; Scott and Lummus 1955) .
Focusing on fracture sealing in the impermeable rock matrix, Alsaba et al. (2014c Alsaba et al. ( , 2016 presented the effects of LCM type, shape, concentration, particle size distribution (PSD), and temperature on the seal integrity with respect to differential pressure at different fracture widths. It was found that LCM can effectively seal the fractures if the D90 value is equal to or slightly larger than the anticipated fracture width; however, the size of conventional LCM particles is limited by the risk of plugging the downhole tools. The irregular shapes and the ability to deform under pressure of LCM particles promoted the sealing integrity. Increasing the treatment concentration was found to improve the sealing ability within an optimum range, while the broadrange sorting of PSD was needed for a good sealing performance. The effect of fracture width was found to agree with the D90 requirement, and LCM swelling property under higher temperature improved the sealing ability in an LCM formulation. Jeennakorn et al. (2017) conducted further laboratory investigation of the effect of changing the slot wall angle, the disc thickness, and the instantaneous flow condition on the sealing efficiency. The experiment showed that increasing the slot wall angle tended to decrease the sealing pressure.
Increasing simulated disc thickness in taper slot discs improved the sealing pressure. The study provided some ideas about the effect of testing conditions that change the testing results and should be considered in LCM sealing evaluation. Observation during the experiment provided more understanding about the bridging and sealing mechanism on the simulated fracture discs.
The objective of this study, as a continuous work, is to investigate the effect of the missing testing conditions: the effect of the base fluids, drilling fluid density, weight material types, PSD of weighting materials, and the dynamic aging condition. The experiment was continuously run using the high-pressure LCM tester as an evaluation method (Alsaba et al. 2014b (Alsaba et al. , c, 2016 .
Experimental methodology

The testing apparatus
The experiment was conducted using the high-pressure LCM tester ( Fig. 1 ) in conjunction with tapered slots that simulate different fracture width ranging from 1000 to 2000 microns (Table 1) . The apparatus consisted of four main components: a plastic accumulator used to transfer the drilling fluids to the metal accumulator, a metal accumulator used to inject the drilling fluids into the cell, the testing cell that can be pressurized up to 10,000 psi, and a high-pressure syringe pump. Fluids containing LCM treatment are forced to pass through the known fracture width by injecting fluids at a flow rate of 25 ml/min using the attached Isco™ pump. Injection continues through the initiation of the seal until a rapid increase in the pressure is observed, which indicates fracture sealing. Once the fracture is sealed, fluids are further pressurized until a significant drop in the pressure is observed due to breaking or leakage of the formed seal. Figure 2 shows an example of the plot of pressure with time; the maximum sealing pressure is the parameter of interest.
Drilling fluid and additives
Two types of drilling fluids were used in this experiment: water-based fluid (WBF) and oil-based fluid (OBF). The WBF consists of 7% (by weight) bentonite in 93% fresh water, 8.6 ppg. The WBF might be weighted up with barite or hematite to get a required density of the testing program before mixing with a specific LCM formulation and concentration.
The OBF was a ready-mix environmental-friendly drilling fluid supplied by an oil company with a density of 11 ppg. It is known that the original OBF was mixed and contained some amount of barite. To get a lower desired density, the 11 ppg OBF was diluted by adding the base oil (6.3 ppg). To get a higher density, as in the case of WBF, the 11 ppg OBF would also be weighted using barite or hematite.
In this experiment, the effect of base fluid was investigated using two sets of testing where the drilling fluid density for each pair of base fluid was kept constant. The first set of tests using the 7% bentonite WBF and the diluted OBF at a density of 8.6 ppg was tested to compare the results. Some of the available testing results from the previous study using WBF (Alsaba et al. 2014a, b) were brought in for comparison. In the second set, OBF at the original density of 11 ppg and the WBF raised up to 11 ppg using barite were used. Both sets of 8.6 ppg and 11 ppg drilling fluids were treated with three different formulations of LCM before being tested in the HPA. The sealing pressures were then used as an indicative variable to study the effect of base fluid on LCM slot sealing performance.
For the effect of drilling fluid density on the sealing pressure, the drilling fluid densities for both WBF and OBF were adjusted to be six different densities varying from 8.6 to 16.5 ppg. The WBF was simply weighted up from 8.6 ppg using barite, while the OBF was either diluted with the base oil or barite was added to get the desired densities. The blending of graphite and sized calcium carbonated (G and SCC) with a concentration of 30 ppb was used for each sample treatment before being tested in the HPA. The difference in the sealing pressure would indicate the effect of increasing the drilling fluid density on LCM treatment effectiveness.
To study the effect of using different weighting materials, hematite was introduced into the experiment. Along with barite, hematite was added to the OBF (11 ppg) or WBF (8.6 ppg) samples to get a density of 12.5, 14.5, and 16.5 ppg. Then, the drilling fluid samples were treated with 30 ppg G and SCC blend and tested in the HPA. Comparing the same base fluid and density, the effect on the sealing ability of different weighting material can be observed.
When sieving the barite and hematite, the results were slightly different from what was stated in API specification due to the very fine particles that tended to stick to the coarse particles; however, the results presented that hematite contained much finer particles compared to barite. The used weighting materials both came from a reliable manufacturer and met API specification, so it was used for the analysis instead of the sieving results.
By API specification 13A-8.1.2 to 8.1.2, drilling-grade hematite produced from ground hematite ores will have residue particle sizes greater than 45 microns at a maximum mass fraction of 15% (and greater than 75 microns no more than 1.5% mass fraction), while the particles smaller than 6 microns will have a maximum mass fraction of 15%. This information implies that at least 70% mass fraction of the hematite particles is between 6 and 45 microns. One of the previous studies showed that decreasing the particle sizes improves the weighting materials' suspending properties (Xiao et al. 2013) . Hematite particles need to be ground finer to get higher surface area per volume (or mass) for easier suspension in the drilling fluids and prevention of sagging problems during circulation.
The effect of fine particles of weighting materials on the sealing ability was validated through an investigation. The 11 ppg OBF using some sieved barite with different ranges of particle size was tested after mixing with LCM. In this paper, both the LCM and the weighting agent underwent a The maximum pressure would be recorded as the sealing pressure PSD analysis. API specification 13A-7.1.1 states that the standard drilling-grade barite products should have residue particles greater than 75 microns at a maximum mass fraction of 3% and particle sizes less than 6 microns at a maximum mass fraction of 30%. Barite particles ranging from 6 to 75 microns can have approximately 67% mass fraction (or more).
To get the different grade of barite to be mixed with the drilling fluids, the barite was sieved to get three ranges of particle size: course (C), medium (M), and fine (F). The C particles were larger than 90 microns (remaining on sieve #170). The M particles were equal to or smaller than 90 microns but larger than 50 microns (passing through sieve #170 but remaining on sieve #270). The F particles were 50 microns or finer (passing through sieve #270). Compared to the specification of hematite above, F barite particles (50 microns or finer) are very close in size compared to many of the hematite particles (45 microns or finer). Even though using this separating method could not ensure that smaller particles will not remain with the larger one, the fineness grade of the particles in this experiment was efficiently controlled for the smaller sizes, especially in the F sample.
The result of using the ordinary (no sieve) barite would be available from the effect of density tests; three samples of 12.5 ppg OBF were additionally prepared. They were weighted up to be 12.5 ppg by adding each range of sieved barite, C, M, or F, respectively. The 12.5 ppg fluid samples were treated with G and SCC at 30 ppb concentration before being tested in the HPA. The effect of weight agent particle sizes was then achieved by comparing the four sealing pressure results.
Aging tests using aging cells heated in a roller oven were performed to inspect the effect of aging conditions on LCM sealing performance. WBF treated with three different LCM formulations was loaded into the aging cells and placed in the hot rolling oven at a predetermined temperature. After reaching the aging time, the sample was left to cool down to room temperature before testing in the HPA to get the sealing pressure as a performance indicator. The tests were run following the procedure provided in the manufacturer's aging cell instruction manual (OFITE 2013). Table 2 shows seven LCM formulations that were used in this experiment. The blending concentration is shown in pound per barrel (ppb). The specification of each ingredient is indicated by the D50 values as obtained from the material data sheet provided by the manufacturers. Table 3 presents the PSD regarding D10, D25, D50, D75, and D90 of the LCM formulation after blending the entire ingredient as indicated in Table 2 and conducting the sieve PSD analysis. A previous study (Alsaba et al. 2016) proposed that the PSD of the LCM blend affects the formulation sealing ability significantly and is one of the reasons why one LCM formulation gives a different sealing pressure compared to the others. However, the comparison between each formulation is not the objective of this experiment. Table 4 shows a summary of the testing results both from the previous studies (Alsaba et al. 2014a, b) and this study. The information will be used to compare between different testing conditions. Table 5 shows the results from the aging condition tests. Data sets from Tables 4 and 5 will be used for the analysis and discussion. Figure 3 shows a comparison between each pair of base fluids with the same density treated with the same LCM formulations. Three pairs of the 8.6 ppg samples are shown on the left-hand side, while three pairs of the 11 ppg samples are shown on the right. All blends were tested using a slot width of 1000 microns (TS1-R7) except the last pairs on the right which were tested with a slot width of 1500 microns (TS15-R7). Results show that different types of base fluids (WBF and OBF) provided different sealing pressures even though they have the same density. Different LCM formulations and concentrations also have different sensitivity to the base fluids.
LCM formulations
Testing results and discussions
Effect of base fluids
The first group on the left-hand side shows the results of the three formulations: G and NS; G, SCC and CF; and G and SCC #1 with a concentration of 20, 55, and 30 ppb, respectively. With the density of 8.6 ppg and considerably lower LCM treatment concentrations, OBF performed better than WBF. The sealing pressure in the G, SCC and CF and (G and SCC #1) formulations increased by approximately 50% when used in OBF compared to WBF.
Normally, OBF has a better lubricating property compared to WBF (Bourgoyne et al. 1986 ). This property can reduce friction between solid contact points and decrease the seal integrity. On the other hand, with the same drilling fluid density, OBF tends to have more solid weight fraction (and volume fraction) than WBF because it contains low-density base fluid. Potentially, the presence of barite particles remaining in the diluted OBF promoted the LCM sealing performance, forming a stronger solid seal and overcoming the lubricating effect. The simple 7% bentonite WBF containing only bentonite particles and water, with the same LCM treatment with OBF, could not perform as well as the OBF. At this point, the difference in lubricating property and solid volume fraction between WBF and OBF were believed to be the main factors affecting the sealing efficiency of both the base fluids. The effect of the weighting material particles on the used LCM sealing ability will be evaluated in the following sections when the comparisons were done between the same base fluid.
The G and NS formulation also sealed better in OBF but had a less increasing sealing pressure between the pair. This formulation was less affected by the base fluids under the testing condition. Considering the PSD of LCM formulations shown in Table 3 , the D90 value of the G and NS formulation is 1900 microns, which is much larger than the tested slot width (1000 microns). While the (G, SCC, and CF) and (G and SCC #1) formulations have D90 of 1200 and 1300 microns, respectively (Table 3) , the D90 sizes are just slightly larger than the tested slot width (1000 microns). The significantly larger size of the bridging particles of NS compared to the slot width might reduce the effect of the base fluids in the G and NS case.
The second group on the right-hand side of Fig. 3 shows the effect of base fluids in a different way (i.e., WBF performed better than OBF). The performance of the other (G)  50  3  ---2  2  -100  3  ---2  2  -400  4.5  35  --3  3  -1000 4 Table 2 LCM blend Concentration (ppb)
G and SCC # 1  30  78  100  460  900  1300  G and SCC # 2  105  65  90  420  1100  1400  G and SCC # 3  105  90  400  700  1200  1400  G and SCC # 4  105  170  650  1300  1900  2600  G and NS  20  65  180  500  1300  1900  G, SCC and CF  55  55  100  450  850  1200  NS  50  180  400  1000  1600  2400 three different LCM formulations, G and SCC #2, G and SCC #3, and G and SCC # 4, increased by 30%, 92%, and 50% when they were used in WBF compared to the OBF. One difference between the two groups of results is that in the second group, higher density (11 ppg) drilling fluid samples were treated with a much higher LCM concentration (105 ppb) compared to the first group (8.6 ppg drilling fluid with 20-55 ppb of LCM). It is believed that the higher concentration of the LCM, the higher concentration of barite, and the lubricating property of OBF supported the LCM performance better in WBF environment than in OBF environment. The results presented here provide strong evidence that base fluids do affect the LCM sealing performance. However, its overall effect seems to depend on the type of LCM and should be an area of future investigation. Figure 4 shows the sealing pressure from 12 HPA tests over the 1000-micron slot disc after the drilling fluid samples were treated with G and SCC #1 at a concentration of 30 ppb. The densities of WBF and OBF were adjusted using barite to be six different densities varying from 8.6 to 16.5 ppg.
Effect of density
The sealing pressure in OBF was increased by approximately 68% from 737 to 1238 psi when the fluid density was increased from 8.6 to 16.5 ppg. A higher increase of the sealing pressure, 175% increase from 487 to 1344 psi, was (Alsaba et al. 2014a, b) and this study
The results from the previous study (Alsaba et al. 2014a, b) observed for the same formulation in WBF when the fluid was weighted from 8.6 to 16.5 ppg.
Since the only variable that was changed with the fluid density is the increase of the barite particles within the mixture, it is believed that barite particles affect/improve the sealing integrity. From the flattened increase of sealing pressure from 12.5 to 16.5 ppg (Fig. 4) it appears that there might be an optimum point where the proper sizedistributed particles in the system are just right to fill the sealing structure's pore spaces. The LCM performance will not improve beyond that point.
Effect of weighting materials: barite vs. hematite
From the result of the effect of density tests, some experiments were continued to investigate the effect of changing the weighting material types on the sealing ability. The same G and SCC #1 blended at 30 ppb was used to treat the drilling fluid samples. The 11 ppg OBF (with some amount of barite) and the 8.6 ppg WBF were weighted with hematite to get the desired densities of 12.5, 14.5, and 16.5 ppg. Figure 5 compares the results from using hematite as a weighting agent with the previous results of using barite. The results confirm that in the range of density from 12.5 to 16.5 ppg, increasing the density slightly improved the sealing pressure for both WBF and OBF. In OBF, adding hematite into barite-weighted samples resulted in a slight increase of the sealing pressures (broken arrows), but in WBF, using only hematite improved the sealing ability of the LCM treatment significantly (solid arrows). Figure 6 shows the sealing pressure obtained from the test using different sizes of sieved barite to increase the WBF density from 8.6 to 12.5 ppg before applying G and SCC #1 treatment at 30 ppb. Compared to the regular barite (no sieve), the fluid sample with fine barite (F) gave a better sealing pressure, while the medium (M) and coarse particles (C) decreased the sealing performance.
Using F barite brought the sealing pressure up from the case of non-sieve barite (1191 psi) to a higher pressure (1249 psi); it is closer and comparable to the result of the 11-ppg OBM adding hematite (1269 psi) under the same condition. The size of F barite particles is 50 microns or less, while the size of hematite particles is 45 microns or less for 70% or more by weight. Considering the PSD of the used LCM formulation (G and SCC #1), it is noticeable that this formulation had a D10 value of 78 microns. It was likely that both barite and hematite particles fulfilled the gap-filling requirement of the sealing system, where the improvement was found to be smaller in OBF. However, the results confirmed the idea that weight agent particle size affects the seal integrity. In WBF, the weighting agent used was only barite or hematite, but in OBF, the 11 ppg barite-treated drilling fluid's density was increased to the target density using barite or hematite 
Effect of dynamic aging conditions
This experiment was set up to investigate the effect of aging conditions on LCM performance. Using OFITE aging cells (OFITE 2014) and a rolling oven, two temperature levels were selected to be used. First, a high temperature of 400 °F was used in the tests to evaluate temperature degradation of LCMs. Second, 200 °F was used to achieve a normal temperature condition in drilling. Two aging times, 24 and 72 h, were selected to be run as a primary laboratory investigation.
After aging, the drilling fluid samples were moved from the oven and let to cool to room temperature before being tested in HPA. Figure 7 shows the measured sealing pressure of the drilling fluid sample after a specific aging condition compared to non-aged results from previous tests.
At high temperature with aging conditions at 400 °F (Fig. 7) , the NS blend and G and NS blend failed to develop strong seal after applying 400 °F aging condition for 24 h, but the G, SCC, and CF formulation still had the ability to seal after 24 h, then failed in a 72-h test. The 400 °F aging condition does not affect the sealing ability of the G and SCC #4 formulation for at least 72 h of the aging test. The thermal stability of the LCM particles controls how LCM performs in the aging tests. Observation provided that the NS particles removed from the disc aperture were so weak that they could be broken easily using fingertips. The NS formulation tends to increase sealing efficiency with aging time. This result confirms the previous study on the effect of temperature on LCM sealing efficiency (Alsaba et al. 2014c) .
Inversely, the G and NS blend (which has 50% weight of G) tends to decrease the sealing ability with the aging time. While the NS improved the sealing pressure, the G strongly decreased the sealing ability of the mixture. The previous study about LCM shear degradation presented the idea about the decrease in size of LCM particles under the dynamic flow of drilling fluids (Valsecchi 2014) . The degree of degradation of LCM depends on the density of the particles, the density of drilling fluids, the size of particles, and the fluid viscosity. It was possible that some of the G particles decreased their sizes under the rolling conditions, resulting in lower sealing efficiency. Further study is needed to understand the behavior of G under these aging conditions.
The G, SCC and CF blend contained only 18% weight of G, so it was not affected much by the aging conditions, but still gave the same trend as NS, where sealing pressure increased with time of aging. Obviously, CF (9% weight) should have the same swelling property as NS that improves sealing pressure under higher temperature. From this experiment, the G and SCC #4 formulation was not affected by the aging condition in terms of sealing efficiency. The formulation contains less than 30% G, which still showed a good sealing integrity under a 72-h aging time. 
Discussion on sealing mechanism
This study improves and confirms the authors' understanding of fracture sealing mechanism in impermeable formation. Table 6 summarizes the learning processes and the development of the sealing mechanism idea and shows how the sealing process previously studied by many researchers could be explained using the concept of sealing mechanism. Figure 8 displays how the particles are arranged chronologically in the sealing structure, from coarse particles set downstream on the tip side (as the bridging structure), fine particles (as filling material), and very fine particles (both as filling material and the filtercake-forming material) set upstream on the aperture side. With previous work of Jeennakorn et al. (2017) and the observation made in this study, the sealing mechanism could be further explained. The sealing structure starts with a bridging formation which creates a permissive environment for the seal body to settle. The stream of drilling fluid flowing through the fracture aperture transport LCM particles into the space between the fracture walls towards the fracture tip. At the starting of the flow, small particles will pass through the flow path between the walls while effectively large particles will set at the point where their sizes match with the space between the fracture walls. The more the bridging particles set in place along the fracture aperture the smaller the flow area of the drilling fluid. The flow is now reduced down to a seepage. The weaker stream will be able to transport some small particles into the available flow paths, forming a porous body. The last step in the sealing process is sealing of the tiny pores on the upstream face. Fine and very fine particles will develop an impermeable membrane as same as the filter cake development on a sandstone wall during a normal over-balanced drilling process, but this time included fine particles of LCM cooperating with fine particles of filtration control agents.
Applying basic engineering mechanics to the seal element, at the instant when the seal was developed and remained in equilibrium, the sum of external forces acting on the seal element in any direction must be zero (Bedford and Fowler 1998) . The pressure forces acted within the slot opening area performed by the fluid differential pressure (injecting pressure) was supported back by the slot wall in the form of reaction forces. The load was transferred down the seal from finer grains to the larger particles until it reached the coarsest bridging particles in the slot where no particles set beyond that barrier. When the particles remained in equilibrium, the balance of forces would not allow any particle to move but to stay at rest. Under loading condition, the particles deformed locally at the contact points due to the stress indentation (an elastic, plastic or elastic-plastic type of deformation-depending on the material properties) (Fischer-Cripps 2000) . If the load acting on the bridging particles did not exceed the strength of the particles and the sizes of the particles under the local deformation were still greater than the slot space, no part of the seal would fail. On the other hand, if a bridging particle failed or if the local deformation reduced the size of the bridge to be less than the gap between the slot walls, the particle would slip deeper into the slot and finally pushed through the slot. The seal would then suddenly fail because smaller particles behind the bridge can move or flow through the suddenly available flow path (as could be observed on the failed seal removed out of the test cell after the experiments). If the experiment proceeded on, the failure condition would continue on until other coarse particles reformed the bridge and the seal was in equilibrium again. The bridging structure (coarse particles) acted as the foundation or backbone of the seal, playing an important role in the seal development and integrity. From the dynamic aging experiment, the results from many tests showed that the strength degradation of large LCM particles significantly reduced the strength of the bridging particles. The particle sizes was also reduced in the dynamic hot rolling environment.
To understand the seal behavior under the variation of fine grains creating a porous body in the sealing system, one needs reviews in Granular Physics. The forces in the granular system normally are distributed in the form of the "force chains" (Mehta 2007) , which is heterogeneous due to different grain sizes, arbitrarily set structure and different spaces. The non-uniform stress distribution tends to weaken the seal structure because it creates a weak point (i.e., the point with a higher local stress that would cause failure while the other points can or try to stay in equilibrium). In this situation, the forces are more difficult to balance. Particles tend to move, and the structure would fail easier if there is no lateral support from the walls.
In this study, the fine barite particles may help occupy the remaining pore space of the seal, either between the solid particles or against the solid particles and the wall. They turn the granule-packed seal into a more homogeneous wedgeshaped object, increase the overall strength of the seal by increasing the contact points within the granular system and improve the force distribution to be more uniform. Increasing the number of contact points and the contact areas also reduces the local stress concentration within the bridging particles, which decreases the magnitude of deformation reducing their grain sizes.
Since forces transmitted at the points of contact are composed of normal forces and frictional (tangential) forces (Johnson 1985) , the slot walls support the seal element by both the normal component and the friction component. While the coarse particles set in place as the PSD of the overall particles in the drilling fluid before the fracture is also an important factor, not only the PSD of the LCM Fine particle in the base fluid and weighting material both affect the sealing performance significantly first barrier, the normal and frictional forces control the equilibrium of the seal. As discussed above, better force distribution improves both the normal and friction force distribution to be more uniform within the seal element. Improving the normal force distribution to the walls also improves the friction, and the better the friction the higher the seal element can withstand the load. Overall, the load can be transferred more uniformly toward the slot walls and better shared among the particles, resulting in higher seal integrity. The results from adding a good portion of fine particles such as adding hematite, barite or fine-sieved barite seem to coherently support this idea. Fine particles appear to stay everywhere they could occupy the void space and essentially contribute in stress distribution of the granular system, but more importantly, they should be the material properties that takes responsibility for the impermeable capability of the seal at the upstream surface. The finer particles of hematite performed better filling in the pore spaces of the particulate system, providing a stronger seal barrier against the slot walls. Another reason that possibly explains the sealing pressure improvement using hematite comes from the previous study that states the hematite particles are more abrasive than the barite particles (Tehrani et al. 2014) . It is believed that the hematite particles not only increase the contact points and contact areas, but also improve the frictional force component (friction coefficient) to be higher than using barite, and help in further increase of the sealing ability of the LCM. Note that OBF contained some amount of barite from the originally supplied drilling fluid. A smaller amount of hematite was added to increase the OBF 11-ppg density to the desired densities compared to WBF, where a larger amount of hematite was added to the 8.6-ppg (7% by weight) bentonite drilling fluid. This might also be one of the reasons why the sealing ability improved less in OBF compared to WBF with the same density.
Conclusion
• Understandable sealing mechanism obtained from a series of experiments is presented in this article. The knowledge could be applied to LCM treatment selection and design for LOC through the fracture network in the impermeable formation. It should lead to a success both in laboratory and field applications.
• LCM testing using different base fluid types, density and weighting materials affect LCM performance significantly. Caution should be taken when quantitatively comparing LCM tests under such different conditions. • The properties of the drilling fluid after LCM blending need to be considered instead of the properties of the LCM or the base fluid alone since the base fluids might contain some materials which promote or suppress the sealing capability of the LCM.
• Special blends of weighting material types or properties might be used in a drilling fluid system to enhance fracture sealing capability, especially if LOC is expected during the drilling operation.
• The dynamic aging test provided that time-dependent degradation could occur under severe downhole conditions. LCM selection and the treatment design should take the aging effect into consideration. 
